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ABSTRACT. A new type of matched fi lter has been designed and fabricated for a doppler-sensitive U)
____ 

burst waveform wi th 16 equally spaced linear—FM subpulses . each of which has a 60MHz bandwidth and is
3 us long . The interpulse period is 5 ps , and the total duration of the waveform is 80 us. The
filter consists of 16 reflectlve-array-compressor sections Ion-beam etched In the surface of a 15.2-cm-
long Y-Z LiNbO substrate. The reflective—array section for each subpulse is depth-weighted accord-
ing to a Hanvni~g function for range-sidelobe suppression , and the peak responses of successive sections

~~~ have a Hanming weighting for doppler-sidelobe suppression . A reduction of system complexity and an
improvement In dynamic range Is expected with filters of th~s type as compared to conventional dopp ler
burst processors. We have fabricated on one substrate a matched fi l ter for an entire burst, thus pro-
viding the full correlation gain inherent in the waveform within a single device. This yields a large
dynamic range despite a relatively high insertion loss (43 dB CW at center frequency (200 MHz) for the
central section). Within a given section, the phase deviations from quadratic are typicall y ~0 r.m.s.
and corresponding range sidelobes are more than 30 dB down from the correlation peak. These phase de-
viations and the errors in delay between sections can be reduced by meta~ overlay patterns . A filter
for the zero-do8pler channel was built to operate at a temperature of 60 C. When the temperature is
changed by 0.98 C. the peak response of this filter is shifted by an amount equal to the doppler res-
olution (18 kHz). Thus by operating a number of nomina l ly identical devices at a series of tempera-
tures separated by O.98°C,~a complete doppler pi ocessor can be obtained .

Doppler Signal Processing CONVENTION A L APPROACH

Range and veloc i ty of targets are standard para-
meters measured by radars. Radar waveforms which are

N DOPPLER U V ELO CITY

employed to simultaneousl y measure range and velocity
often consist of a train of linear-FM subpulses 1 ‘~~~.

This is referred to as a burst waveform. When such a
waveform is reflected from a moving target, the dop-
pier effect will contract the time between the sub—
pulses In the reflected signal because the range~w11l __________

have shortened in the time interval between reflection
of successive subpulses . The radar-si gnal-processing ~ T•e 8

task is to measure the amount by which the subpulse
spacing contracts and thus determine target velocity.
A straightforward method for accomp) tshin q this I s to A L T ERAAT(  APPROACH

employ a bank of devices each of which is 3 matched
filter for a radar return from a target ~rave1ing at BU RST w A T C H E D  F ILTER
a particular velocity . A bank of such filters will V E L O C I T Y  • 0
span the velocities of interest. Each filter has an
Impluse response which is the same as the trans-
mitted waveform except that the time interval between VE LOCITY •
subpulses within the impulse response of each filter

BURST MAT CHED FILTER

is matched to a particular target velocity. Veloc i ty
BURST MATCHED FILTERor doopler filtering results because if the return

VELOCIT Y • 2from a target with one velocity is processed by a
filter matched to a different veloc ity, the responses
from each subpulse will not add in phase, thus reducing • 

U DEVICES U V ELOCIT Y
BINS

the correlation peak. This paper describes a tech-
nique for achieving such matched fi l ters. 

L.~ 
BUR ST MA T C H E

A conventional techni que for effectively creating 
V E L O C I T Y

a bank of filters and thereby processing burst wave- ~
,

forms is illustrated In the upper portion of FIg. 1.
A pulse compressor processes each subpulse in sequence. Fig. 1 Techniques for doppler processing of N-Subpulse
The compressed pulses are sent into a delay line with waveform s with bandwidth ~~ .

N taps which are spaced by the delay T between the
N subpulses in the transmitted waveforL The N 

~~~~~~ 
tapped delay line must span the full time NT and band-

arate outputs are then sent into the doppler pro- widt h B of the waveform and provide N separa~e outputs
cessor or velocity correlator. This device sums its each with carefully controlled ampl itude and phase ~‘‘ .
N inputs with proper phase factors to yield at each However , the delay line has a correlation ga in which ~s
of the M output ports an overall response which Is the only a factor of N. This means that the device must
matched filter for a particular velocity . The main have relativel y low CW insert ion loss In order to ob-
difficulty with the conventional approach is that the tam adequate dynamic range as a matched filter. In

addi t ion , the doppler filter is a complex device in
__________________ 

which precise phase relations between the N inputs and
‘ This work was sponsored by the Department of the N outputs are required over a wide bandwidtn 1” .
Army. The alternate approach Shown ifl the lower portion

1975 Ultrasonics Symposium Proceedings, IEEE Cat. #75 of Fig . 1 is the straightforward technique of providii i
CHO 994-4SU a separate matched filter for each velocity of interest.
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In this case , the matched filter has the same time NT0 of each grating section , propagation loss , and trans-
and bandwidth B as the transmitted waveform , but also ducer response . Groove depths in the model were ad-
has the full correlation gain of NT B , so that only a .justed to provide the desired wei ghting . A device tab-
modest CW insertion Toss is requires In order to ricated according to this prescription yielded an amp-
achieve a high dynamic range as a matched filter. litude response with a maximum deviation from the de-

• sired value of less than 3 dB. An empirical iteration
A bank of burst matched filters can be created of the depth profile provided ~ second device withfrom a number of nominally Identical devices in two nearly ideal amplitude response.

ways . In one case, the separate inputs to a number of
Identical devIces would be derived by mixing the radar A significant feature of the geometry illustrated
return with a series of local oscillators each offset in Fiq. 2 in that the folded propagation path yields
from the reference oscillator by an amount equal to the twice the delay of an in-line device. Preiious de-
appropriate doppler frequency shift. Alternatively, signs ‘‘ for achieving 80 us of delay in a tapped delay
identical devices can be fabricated on substrates for line employed a cascade of delay lines . In this case ,
which the internal delay is a function of temperature, it is difficult to control phase response and maintain
By operating such devices at various temperatures , they bandwidth in cascaded devices.
could be matched to particular velocities . For the
device described herein , the doppler resolution i~ The burst matched filter described herein operates
18kHz , correspond4ng to a velocity resolution of 900 at a center frequency of 200 MHz and has a 60-MHz
m/s in a3-GHz radar. The filter on LIMbO operates at bandwidth . The interpulse period of the 16 subpulseC
an I.F . of 200 MHz. A shift in device re~ponse iqu~l Is 5 uS. Each reflective-array section contains BOO
to the doppler resolution can be affected by a 0.98 C grooves spanning 4 us. The centra l 600 grooves~aréchange of the substrate temperature. This degree of wei ghted to provide Hanrniing weighting over 3 uS. The
control is achievable with comnercial ovens , remaining 200 grooves on the ends of each section are

wei ghted wi th cos inusoidal tails for Fresnel-ripple
Burst Matched Filter suppression. Each subpulse has a time-bandwidth pro-

duct (over 3 us) of 180 and the overall time-bandwidth
A burst matched filter can be fabricated by cx- product of the burst waveform is 4800.

ploiting the technology which has been developed for
achieving large time-bandwidth pulse compressors_ in the To test the burst matched filter , an expansion
reflective-array-compressor (RAC) configuration s ‘. line consisting of only one RAC section was also tab-
Figure 2 shows a schematic diagram of a burst matched ricated . In this case, depth wei ghting was employed
filter which consists of an array of 16 reflective- to yield a flat amplitude response over a bandwidth of
array compressors laid out in line . Each RAC section 60 MHz and a dispersion of 3 us.
has only a small reflection coefficient so that most
of the signal passes through to following sections . Fabrication
Thus , the overall impulse response is a series of 16
linear- FM subpulses . It is possible to adjust the The filter was fabricated on a 15.2-cm (Six inch)
phase response of each section and to trim the time Y-Z LiNbO.~ substrate. Input and output transducers
delay between subpulses by means of metal film pat- were indu~tor tuned to yield on overall conversion loss
terns in the region between ref lectors T ‘ . None of (including bidirectiona lity ) of 12 dB. The widths of
the devices described have yet been phase compensated the transducers and gratings were 100 wavelengths at
in this manner. center frequency .

Because of the hi gh degree of spatial detail re—
quired in the profile of groove depths , a relatively

.. 
~~~~~~~~~~~ 

small etching aperture was employed10 ’~~. The aper-
~~~~~ ‘ ‘~‘ ture used (500 urn wide) spanned 10% of a section but

only 0.4% of the total length of th e device. Total
etching time for a device Is proportional to the ratio

I - of etching aperture to the total length of the device.tch~d Groov~s~~~ ~~~~~~~~~~~~~ Ion—beam etching to a typical depth of 0.1 urn over 14 cm.
~~~. ~~~~~~~~ ~‘ through Such a small aperture required lOb . Etching

~~~ ;~~~ was done In four separate 2.5-hour passes .
~~~ Pi,zo.I.ctrèc Subsfr.t. 

Respot~se of Individual Sections
.~~~~ Y~~~~~ Nib ! Film S.c?ioms The impulse response of a burst matched f i l te r

- 0? VarIable Width sh ows the overall Hannning-on-Hanuil ng weighting of the
16 sections , Fig. 3 . The impulse response is clean
and free of sign ificant spurious signals. Fig. 4 shows
the Insertion loss versus frequency for each of theInput ond Output TPOI IBdUC.rS 16 sections . The measured amplitude response follows

Fig. 2 Burst matched filter consisting of 16 reflec- ?uit
~~~

osei
~ b h l i d  

H 9_ :nming we
~
c
~~

_

ye-a ay sec o 5 .  were made using CW bursts which were long enough to
The burst matched filter contains two types of reach a quasi-CW condition in the Output but short

amplitude weighting . Each subpulse is Hatmii ng weighted enough to resolve the response of each section m di-
for range sidelobe suppression and the magnitudes of vidually. The minimum insertion loss to the central
successive subpulses are Haimning weighted for doppler section Is 43 dB. Of this total , the transducers con-
si delobe suppression. This weighting was accomplished tribute 12 dB . The reflection loss of the centra l
by varying the depth of the grooves in the qratIng ’°’~ section is 26 dB. The remaining 6 dB of loss is due
The input and output transducers contributed some spec- to energy reflected ty preceding sections and to pro-
tral weighting. The desired groove de~th as a function pagation loss. For the pulse exoander , deeper gratings
of position was determined by a modeP ‘~~~~ which In— (—0.23 urn) yielded a reflection loss c t 16 dB and an
chided the reflection and transmission characteristics overall CW i n s e r t i o n  loss of 28.5 dB.
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Fig. 3 Impulse response of weighted burst matched filter hOri zOnt al sca le  i s 2 ~.s/d iv.
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Fin. 4 Frequency response of 16 individual s e c t i o r ~. . Sol id cur.e are t’-~ des~ -ed h..r~ ~-c’ -~lai~ii n g wei~~r tir~
Data points are nomalized to the peak response of sect~ur i 8.

Measurements of the phase response of tic h sec t ion
showed phase deviations from the d~slred linear-FM res- -ponse amounting to approximatel y 5 r.m .s. Most of the The ‘1i~ er is Je~ i’~r,ed -~~~~h a p er iiidi c r,~rst

errors were slowly vary ing across the passban~ . ~~~~ and ~~. ,- e t : r e  t .~e .. .I. ’ s e -hI -sub u~lse dela ,
2.~ t I I r .  t~ c impo se re ~~~~ 0 ‘h- f i l t e r  I,h~j~d be ~

The pulse-com pressior performance of each s~-c ti~ n Consta nt. [Ie v~a ri o rs froir a constant increr ent , f.~
was evaluated . A single linear-FM subpulse was qener- ~~ ssed in dr’, rees of phase at ccr,te frequency , are
ated by impulsing the expansion line. When processed ~hi ,i ri in Fi 6. The phase -rr~~-i. oman that the con-
by the burst matched filter , 16 compressed pulsed tribut ons f ro each subpulse wil l  not add exactly in
emerge, Fig. 5. Some of the compressed pulses have ptiase at the correlat ion peak. These errors cause a
shoulders on the main lobe at 2!pproximatel y the 20-dB degradation in correlation ~ in and increased dopp 1 er
level . All other sidelobes are more than 30 dB below si delobes. The maJor s, ..rte ~f errors in sJ~~ u , 5 (
the peak of the corresponding compressed pulse. These spacing is the ;hase shift~ i n each R-L ,ect’on caused
results are consistent with the measured phase errors, by energy tc .’~i~~ ~~~~~~~~~~~~~~~~~~~~~~ Gntings of d;t fe re~~

= 

depths cont ~i.LJ i I~ different phase shi ’t , on trars -
miss ion and the cu ul at ive effect is shown in Fig . 6.
in subsequent devices it w i ll be necessary to use phase
compensation patterns to adequatel y reduce these errors .

A coherent rst waveform of 16 li near- FM sub-
pulses was generated in order to test the overall res-
ponse of the burst matched filter . The waveform was
created by derivin g 16 coherent Impulses from a re-
ference oscillato r operat nj at approximatel y 200 MHz.
These impulses were applied t the pulse expander.
The 16 linear-FM chirps thus enerated were each g a t e ~to 3 us to foryr the waveform snown in the upper portion
of Fig. 7. The delay pedesta l in the pulse expander
w establ ished so that any feedt hrough of the im-
pu ..es would Occur in the interval between subpulses
and thus be gated out. A sing le subpulse Is shown in
the lower portion of FIg. 7. A chanqe in the frequer
of the reference osci llator results in a change in s~.L-
pul se spacing . This sini u la~~m a do: p ier sh i f t .

When a burst waveform is processed in a burs t
matchc’n f i l ter , 31 compressed pulses emerge. The lft r

Fig. 5 16 compressed pulses resultin g from the es compressed pulse Is the correlation peak . The ab~lit v
citation of a burst—matched filter by a si ngle of the filter to resolve targets in range and vel cci ty
linear-FM subpulse. is shown in Fi g. 8. In the upper half , a segment in

‘ 
time c u r r o u n d i n :  t!~ 16th compressed pulse is displayed .
Each tra cot responds to a different value of the re-
$-re nc e osci l lator frequency and t hi S each trace repre
,rnts targets a’ different velocities . Successive
traces correspond to an increment of 20 kHz. Fach
trace has becn m anual l y offset both horizo ntally and
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I I .4
IOU .-

~ eo~ a _ _ _ _ _ _ _ _ _ _ _ _ _ _

.
~~~ / Fi~~. 8 ~ i,ui~~’n t. d ‘ r~~~’ : burst -4tcfied fi ter .

s disp~~ i~’u ~I:. ’ t i ~~l y ~i a sca le  of
0.2 ‘..s/di~ . ~~;Ht’r sh ’ t jr i~’~~ c i i , Is dii ,—

1 played on success ive traces :3rr’ s~~Cri~~i flI~ tc

\ . 2O-~”z d.p ~
’ er S’I I i i  be tw een  t races .

The peak va1u e~ at  di~ cret ” fr~~L n ~ 1ns separated by S
kHi are sh~ wi in f l I ;  9. ~‘rasJ re-r ’ ~t a Sin 6 ‘r’ .
quency crea ’~-~. ~ s ir  He , v tl ca l trace in this display .
The c’nve~ ope ot the doo~~ior resoonse ind1~ ah~’s si~ ni-

________ 

~ f~ cant depar tu’ ‘. ~~ i deal Harming response . ~he2 4 6 8 10 2 4 6 main pul s e is sor’ew ri .~t d :storted and the sidelobe levels
SECTION NUMBER ? are n y  l w r , abou t 20 dB. These features are direct-

iq , 6 Phase deviation from constant incremental delay 1Y tr iceiHi’ to errors in the inte rpu lse delay w hi c h

versus section number of burst matched filter were discussed prev lcu sl y. Sign ifi cant improvements
measured at 200 r4lz . can be anticipated when phase compensation is employed .

=

Fi g. 9 DetaIls of compressed pulse versus doppler shift.
Fig. 7 (a) Burst waveform consistinq of 16 linear-FM Data was taken at disc ete frequencies and dis-

subpulses . Horizonta l scale is 10 us /div. played on a scale of 20 kHz/d iv.
(b) Detai led view of one linear-FM subpulse. A perfect burs t matched filter would have a cor-
Horizontal scale is 0.5 us Idly, relation gaIn equal to the total time-bandwidth product

of the subpulses (16 180), but reduced by 2.7 dB be-
vert icall y in order to provide this display. This type cause of the Haniiiing-on-Haming weighting . This yields
of display shows Cuts of the surface of the ambibuity an Ideal correlation gain of 32 dB. The signal loss to
function for the waveformt” . Range (time) sidelobes the correlation peak can be related to the CW insertion
are typic all y 30 dB down, consistent with the results loss , The time-bandwidth product of each subpulse is
observed for single compressed pulses . 180, but the compressed pulses are reduced by 5.3 dB

by Harming wei ghting . The coherent, addition of 16
In order to evaluate the doppler-sIdelobe charac— subpulses (at an average level c~f 0.54 due to Haiming

ter m t ics of the fI lter , the amplitude of the peak of wei ghting ) yields an overall signal gain of 36 dB rela-
the correlation function was measured at each frequency. tive to the CW Insertion loss. The measurements in

403 

— ~ . - -. ----  —r----- ~~~~~~~~~~~~~ - ‘ - ,
. .



P.C. Wil liamson , J. M eln g aili s, and V. S. Dolat

Fig. 4 in d i c a t e  the net insertion loss to the correla- 1 1 . II . I. Smith , “Fab rication techniques for surf aic .
tion peak should be 7 dB. However , the measured losi , acoustic-wave and thin-f i lm optical devices ” , Proc .
is approxImatel y 9 dB. The excess loss 15 m ain l. due IEEE , vol . 62 , pp. 1361— 1387 , Oct. 1974.
to errorc in subpulse delays , Fig. 6. The relativelj
lcw value of in s ert i on loss y ields a device w ith a very 12. T . A. Mart in , “Toe IMCSM pulse compression f i 1 ter
large ct . nam ic range , even with modest input ’power. and its applications ’ , IEEE Trans . Microwave Theory

~ech. , vol . MTT-2 l , pp. 186-194 , April 1973 .
In conclus i on , the burst matched filter described

here i l lust rates the u t i lity  of such a device for vel- 13. R . C. M , Li and J. Mei ngail i s , “The influence of
ocity discr imination with wideband radar burst wave- stored £ ‘f ler ;y at step d isc ont inu i t ies  on the be-
forms. Even wi thout  phase compensation , these devices havior of sur f ace-wave gratings ” , IEEE ‘ rons .
y ie l d  good range sidelobes and fair dopp ler sidelobes. Sonics Ultrasonics , vol . SU-22 , pp. 189-198 , M~y
A bank of phase compensated devices can function as a 1975,
doppler processor for burst waveforms .

14 . , . Melngai li s and P . C. .M . L i , ‘t’e~j curv. ’rent  o f
Ac knowj~g~~nents impedance mi smatch ,rd stored er1 ’r~ y for riqnt-

ang le roHection of Rayleigh waves from grooves on
The authors are indebted to N . Ufremow , M . Leiixna , V-c ut LiNbQ “ , 1975 Ultrasonics ,~~‘~~o% : u1’ . Prc ~-

W . Brogan , P . iaie r , and S. Cupoli for assistance in ceedings , N~w York : IEEE ,. thi s v oluv e.
fabric at inq and test ing the burst matched f i lter .
W Brown , M . MacDonald and P. Ba ker assembled the cir-
cu t r y  for gener at ing a coherent burst waveform .
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A new type of matched fil has been des igned and fabricated for a doppleUlsens itive g~bu t waveform with 16 equally spaced 11 r-FM subpulses , each of which has a 60MHz bandwIdth and is e’~

.
3 ~ long . The interpulse period is 5 s and the total duration of the weve~orm is 80(1). The /
f er consists of 16 reflective-array—c ressor sections ion—be am etched In tnt surface ‘óT a 15.2-cs- /
long Y— Z LINb0~l subs trate , The reflective —array section for each subpulse is depth-weighted accord-
ing to a Na.uu$~ö function for range-sidelobe suppression , and the peak responses of successive section (
hive a N~~ Ing weighting for doppler-sidelobe suppression . A reduction of system complexity and an
improvement in dynamic range is expected with filters of this type as compared to conventional doppler
burst processors . We have fabricated on one substrate a matched filter for an entire burst, thus ro-
viding the full Corlelation gain inherent In the waveform within a single device. This yields a arge
dyn ic range desp$#.e a rel~ tiv .1y high Insertio n loss (43 dO CW at center frequency ( 200 P54 or the
central section ).JVl th ln ~f given section , the pbase deviations from quadratic are typIcally 5 p.s .
and correspondlf4’r.nge siØelobes are more than ~ dO down from the correla tion peak. These e de-
viations and the/errors I~f delay between sections can be reduced by meta’ overlay patterns . A filter
for the zero-dog~1er cha~ iel was built to operate at a t perature of 60 C. When the t perature is
changed by 0.98 C, the f*ak response of this filter Is shifted by an amount equal to the doppler res-
olutIon (18 11Hz). Thus4by operati ng a ni ber of nominally identi cal devices at a series of tempera-
tures separated by 0.9CC , ’. complete doppler processor can be obta ined .
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